Maintaining tissue integrity during epidermal morphogenesis depends on α-catenin, which connects the cadherin complex to F-actin. We show that the adhesion modulation domain (AMD) of Caenorhabditis elegans HMP-1/α-catenin regulates its F-actin-binding activity and organization of junctional-proximal actin in vivo. Deleting the AMD increases F-actin binding in vitro and leads to excess actin recruitment to adherens junctions in vivo. Reducing actin binding through a compensatory mutation in the C-terminus leads to improved function. Based on the effects of phosphomimetic and nonphosphorylatable mutations, phosphorylation of S509, within the AMD, may regulate F-actin binding. Taken together, these data establish a novel role for the AMD in regulating the actin-binding ability of an α-catenin and its proper function during epithelial morphogenesis.
INTRODUCTION
Stable intercellular adhesions mediated by a highly conserved cadherin-catenin complex (CCC) play key roles in maintaining tissue integrity during metazoan embryonic development (Harris and Tepass, 2010; Takeichi, 2014) . The intracellular tail of cadherin binds to β-catenin (Ozawa et al., 1989) ; α-catenin binds β-catenin and physically links the CCC at the membrane to the F-actin cytoskeleton (Pokutta and Weis, 2000; Pokutta et al., 2002; Buckley et al., 2014) .
α-Catenin is an actin-binding and -bundling protein with three vinculin homology domains (Herrenknecht et al., 1991) . The N-termini of mammalian αE-and αN-catenin contain overlapping β-catenin-binding and homodimerization sites (Pokutta and Weis, 2000; Pokutta et al., 2014) ; the C-terminus contains the actinbinding domain (ABD; Imamura et al., 1999; Pokutta et al., 2002) . αE-Catenin is regulated in several ways: 1) αE-catenin homodimers have a higher affinity for F-actin than do αE-catenin-β-catenin heterodimers (Drees et al., 2005; Rangarajan and Izard, 2013) ; 2) the affinity of αE-catenin for F-actin is regulated by whether the actin is under tension (Buckley et al., 2014) ; 3) the first α-helical region of the ABD may regulate the affinity of the ABD for F-actin (Ishiyama et al., 2018) ; and 4) the middle (M) domain, composed of three helical bundles designated M1, M2, and M3 contains a vinculin-binding site (Watabe-Uchida et al., 1998; Choi et al., 2012) buried by M2 and M3 when αE-catenin is not under tension (Yonemura et al., 2010; Choi et al., 2012; Rangarajan and Izard, 2012; Ishiyama et al., 2013; Thomas et al., 2013) .
Further functional investigation of the M domain, especially in vivo, is warranted. The functional importance of vinculin binding remains unclear, because deletion of the relevant region within M1 does not lead to striking changes in cultured cells (Huveneers et al., 2012) , and constructs lacking the VH2 domain in Drosophila are capable of rescuing α-catenin null border cells or embryos to a significant extent (Desai et al., 2013) . We decided to focus on the adhesion modulation domain (AMD), comprising residues 509-643 of αE-catenin, which correspond to the M3 domain plus the linker region between M3 and the ABD ( Figure 1A) . The αE-catenin AMD supports lateral clustering of cadherins and nascent junction formation in cultured cells (Imamura et al., 1999) and it serves as a docking site for other actin-binding proteins such as afadin (Mandai et al., 1997; Pokutta et al., 2002) . Phosphorylation and dephosphorylation of the phospho-linker (P-linker) region within the AMD is required for normal α-catenin function, although the underlying mechanism is unclear (Escobar et al., 2015) .
Caenorhabditis elegans provides a unique model to study the function of the AMD in vivo. C. elegans is amenable to genetic manipulation, visualization of morphogenetic movements, and it has single conserved homologues of core CCC components (Costa et al., 1998; Pettitt et al., 2003) . HMP-1/α-catenin possesses a canonical M FIGURE 1: The adhesion modulation domain (AMD) of HMP-1 regulates F-actin binding. (A) Domain structure of HMP-1 and αE-catenin. Each domain boundary is labeled with residue numbers. Both HMP and αE-catenin include three vinculin homology domains (VH1-3) and two N-terminal subdomains (N1 and N2). The middle of the protein (M domain) is composed of three subdomains (M1, M2, and M3). The actin-binding domain (ABD) lies at the C-terminus. (B) Schematics of the protein constructs used in the actin cosedimentation assays. (C) Coomassie-stained SDS-PAGE gels of actin cosedimentation experiments. S = supernatant fraction, P = pellet fraction. (D) Quantification of data from C. The percentage of protein in the pellet fraction was compared at 5 µM F-actin. Error bars represent mean ± SEM (n = 4). (**, p ≤ 0.01; n.s., not significant; Student's t test). (E) Quantification of data from actin cosedimentation experiments for SUMO::HMP-1504-927, SUMO::HMP-1, and SUMO::HMP-1ABD. Error bars represent mean ± SEM (n = 4) (**, p ≤ 0.01; n.s., not significant; Student's t test).
domain , but is incapable of forming homodimers (Kwiatkowski et al., 2010; Callaci et al., 2015; Kang et al., 2017) .
We show here that the AMD negatively regulates F-actin binding of HMP-1 and that S509 within the AMD, which is endogenously phosphorylated (Callaci et al., 2015) , is important for proper function of HMP-1 during embryonic development. We also show that the N-terminus of the HMP-1 ABD is required for its full actin-binding ability. These results identify novel roles for the AMD and the adjacent C-terminal region in a biologically relevant context.
RESULTS AND DISCUSSION
The HMP-1 AMD negatively regulates F-actin binding
We sought an internal domain within HMP-1 that might be responsible for negative regulation of the full-length protein. To this end, we generated a series of internal deletions of recombinant SUMO::HMP-1 and used these in actin cosedimentation experiments ( Figure 1B ). Consistent with our previous findings , full-length recombinant HMP-1 (HMP-1FL) cosedimented with F-actin. Surprisingly, however, it did so to a markedly lesser extent than the C-terminus alone (Figure 1 , C and D). Significantly, deletion of the AMD increased F-actin binding to nearly the same level as the isolated HMP-1 C-terminus, indicating that the AMD is necessary for negative regulation of full-length HMP-1 ( Figure 1 , C and D). We next tested the sufficiency of the AMD for negative regulation. HMP-1 constructs lacking the N-terminus and the Nterminal portion of the M domain but retaining the AMD (aa504-927) exhibited F-actin binding comparable to HMP-1FL ( Figure 1E) ; thus, the AMD appears to be necessary and sufficient to confer intramolecular autoinhibition on the HMP-1 C-terminus.
The HMP-1 AMD is important for normal F-actin recruitment to adherens junctions That the AMD regulated HMP-1 binding to F-actin in vitro led us to investigate the role of the AMD in vivo. Previous studies used a deletion allele, hmp-1(zu278), which encodes a protein that retains part of the N-terminus and M domain of HMP-1 (Costa et al., 1998; Kwiatkowski et al., 2010; Maiden et al., 2013) . To avoid possible complexities in analysis, we generated a new null mutant allele, hmp-1(jc48), via CRISPR (Supplemental Figure S1 ), and assessed the ability of transgenes encoding various GFP-tagged HMP-1 deletions to rescue lethality in hmp-1(jc48) homozygotes. Expression levels of rescuing transgenes were found to be essentially identical (Supplemental Figure S2 ).
Full-length HMP-1::GFP fully rescues hmp-1(jc48) mutants ( Figure 2A ); rescued mutants develop indistinguishably from wild type. We next investigated the function of HMP-1::GFP lacking the AMD. HMP-1ΔAMD::GFP localized to junctions in a manner indistinguishable from full-length HMP-1::GFP in a wild-type background, FIGURE 2: HMP-1ΔAMD::GFP recruits more F-actin to junctions. (A) HMP-1::GFP localizes predominantly to adherens junctions in hmp-1(jc48) mutants rescued by HMP-1::GFP. Scale bar = 10 µm. (B) Phalloidin staining in hmp-1(jc48) mutants rescued by HMP-1::GFP. White arrowhead indicates the underlying muscle. The embryo has parallel circumferential filament bundles (CFBs) and junctional-proximal actin that concentrates along the seam-dorsal boundary (white arrow). (C) Schematics illustrating the actin structures in B. (D) In hmp-1(jc48) mutants rescued by HMP-1ΔAMD::GFP and HMP-1ΔAMD::GFP localize to adherens junction, similarly to HMP-1::GFP. (E) Phalloidin staining of hmp-1(jc48) mutants rescued by HMP-1ΔAMD::GFP; the arrow points to excessive junctional-proximal actin recruited to junctions by HMP-1ΔAMD::GFP. (F) Schematics of actin structures in E. (G) Quantification of junctional-proximal actin width in hmp-1(jc48) mutants rescued by HMP-1::GFP and HMP-1ΔAMD::GFP. Junctional actin is significantly wider in hmp-1(jc48) mutants rescued by HMP-1ΔAMD::GFP compared with those rescued by full-length HMP-1::GFP (**, p ≤ 0.01; Student's t test).
indicating that an intact N-terminal HMP-2/β-catenin-binding domain is sufficient to target HMP-1ΔAMD::GFP to junctions. HMP-1ΔAMD::GFP rescues hmp-1(jc48) mutants, although poorly relative to HMP-1FL::GFP. Embryonic lethality in hmp-1(jc48);Ex[hmp-1::gfp] is 52.5%, compared with 88.3% for hmp-1(jc48);Ex ; given that transmission of the extrachromosomal arrays in each case is 52.1 and 53%, respectively, this indicates virtually 100% efficiency of rescue by full-length HMP-1::GFP, but only 23% rescue efficiency in the case of HMP-1ΔAMD::GFP. These results suggest that the AMD is important for the normal function of HMP-1.
To assess how the AMD regulates F-actin recruitment in vivo, we performed phalloidin staining (Figure 2 , A-D). The width of the junctional-proximal actin network was significantly greater in hmp-1(jc48);Ex than in hmp-1(jc48);Ex[hmp-1::gfp] embryos (842.4 ± 64.27 nm, n = 6 vs. 441.8 ± 29.82 nm, n = 4 embryos; significantly different, p < 0.01, Student's t test). Excessive recruitment of F-actin to adherens junctions by HMP-1ΔAMD::GFP in vivo is consistent with the increased ability of recombinant SUMO::HMP-1ΔAMD to cosediment with F-actin in vitro compared with HMP-1FL.
Unlike HMP-1FL::GFP, which presumably undergoes dynamic, regulated binding to F-actin, the HMP-1ΔAMD::GFP may bind to F-actin in a constitutively active manner, explaining its weak rescue ability. To test this possibility, we introduced an additional mutation (S823F; Maiden et al., 2013) into the HMP-1ΔAMD::GFP construct to slightly reduce its ability to bind Factin. HMP-1ΔAMD(S823F)::GFP localized to junctions in a manner indistinguishable from HMP-1FL::GFP in a wild-type background (Supplemental Figure S3A ). There was only a slight difference in the ability of HMP-1ΔAMD(S823F)::GFP to rescue hmp-1(jc48) than HMP-1ΔAMD::GFP (embryonic lethality of hmp-1(jc48);Ex worms is 88.3%, compared with 78.4% for hmp-1(jc48);Ex[hmp-1ΔAMD(S823F)::gfp]; p < 0.01, Fisher's exact test), despite ∼50% array transmission in each case. However, we found a marked difference in the relative proportions of embryos that died early ( Figure 3, A and B) . Dead hmp-1(jc48);Ex[hmp-1ΔAMD::gfp] embryos tended to die at earlier stages of morphogenesis, with the majority arresting at the 1.5-fold stage or earlier with ruptures; only a small percentage survived beyond the twofold stage. In contrast, the majority of the dead hmp-1(jc48);Ex[hmp-1ΔAMD(S823F)::gfp] embryos were able to survive to a later stage, with most arresting at the three-to fourfold stage ( Figure 3B ). Moreover, less HMP-1ΔAMD(S823F) recombinant protein cosedimented with F-actin in vitro than with HMP-1ΔAMD ( Figure 3C and Supplemental Figure S4B ). Taken together, these results suggest that deleting the HMP-1 AMD leads to higher binding of F-actin and excessive F-actin recruitment at junctions, which can be partially offset by a reduction in the intrinsic binding affinity of the C-terminus for F-actin.
The N-terminus of the HMP-1 ABD is required for full function Our previous studies (Kwiatkowski et al., 2010; Maiden et al., 2013; Kang et al., 2017) did not assess the importance of the N-terminal portion of the HMP-1 ABD for actin binding. We therefore made a SUMO::HMP-1(704-927) construct, which deletes the N-terminal region of the HMP-1 ABD (aa677-703; Figure 4A ). Actin cosedimentation assays indicated that the N-terminally truncated HMP-1 Cterminus (704-927) does not bind F-actin as well as the entire HMP-1 ABD (aa677-927; Figure 4, B and C) . The corresponding GFP construct (HMP-1Δ677-703::GFP) localized to junctions in a manner indistinguishable from HMP-1FL::GFP in a wild-type background ( Figure 4D) , and it rescued the embryonic lethality of hmp-1(jc48) mutants (introducing HMP-1Δ677-703::GFP into hmp-1(jc48) heterozygotes reduced embryonic lethality among their progeny from 25.3%, identical to the 25% expected for 100% lethality among homozygotes, to 15.1%). However, the rescued hmp-1(jc48) homozygotes displayed tail morphology defects (white arrow, Figure 4E ) not seen in lines rescued with HMP-1FL::GFP. Moreover, although embryonic lethality was rescued, all hmp-1(jc48);Ex [hmp-1(Δ677-703) ::gfp] embryos died as L1 or L2 larvae. This result suggests that the N-terminus of the HMP-1 ABD is essential for full function. Owing to lack of rescue, we could not unambiguously identify hmp-1(jc48);Ex [hmp-1(Δ677-703) homozygotes, because processing for phalloidin staining made it difficult to score for the mild tail defects we observed in living larvae; as a result we could not assess subtle defects in junctional-proximal actin in this line. 
Phosphorylation of HMP-1 at residue S509 is important for proper function
Phosphorylation and dephosphorylation of the P-linker region (the region between the M and ABD domains) is essential for proper function of Drosophila α-catenin (Escobar et al., 2015) . However, whether phosphorylation of α-catenin affects its ability to bind F-actin is unclear. We previously found that HMP-1 residues S312, S509, S649, and S910 are subject to phosphorylation (Callaci et al., 2015) . S509 and S649 lie within the AMD, so we examined them in more detail by introducing nonphosphorylatable and phosphomimetic mutations into our HMP-1FL::GFP construct. Both HMP-1(S509A)::GFP and HMP-1(S509E)::GFP localize normally to junctions in wild type and were indistinguishable from HMP-1FL::GFP (Supplemental Figure S3 , C-F). Both HMP-1(S509A)::GFP and HMP-1(S509E)::GFP rescued the embryonic lethality of hmp-1(jc48) mutants; however, L1 offspring of hmp-1(jc48);Ex[hmp-1(S509A)::gfp] worms exhibited morphological defects, including Dumpy larvae, Sick L1s, and Lumpy tails (Supplemental Figure S3 , G-K). In contrast, progeny of hmp-1(jc48);Ex[hmp-1(S509E)::gfp] worms appeared indistinguishable from hmp-1(jc48) animals rescued by HMP-1FL::GFP ( Figure 5A) . These results suggest that phosphorylation of HMP-1 S509 is important for normal function.
We next investigated whether disrupting phosphorylation at S509 affects F-actin recruitment to junctions. Phalloidin staining of hmp-1(jc48);Ex[hmp-1(S509E)::gfp] embryos revealed that circumferential actin filament bundles (CFBs) are indistinguishable from those in hmp-1(jc48);Ex[hmp-1::gfp] embryos ( Figure 5E ). In contrast, CFBs in hmp-1(jc48);Ex[hmp-1(S509A)::gfp] embryos exhibited a range of CFB morphologies, from normal (Class I; Figure 5 , B and B′) to partially irregular (Class II; Figure  5 , C and C′) to merging of CFBs at seamventral junctions (Class III; Figure 5 , D and D′). Quantification of junctional-proximal actin width in hmp-1(jc48);Ex[hmp-1(S509A)::gfp] embryos showed that in embryos with normal CFBs the width of the junctional-proximal actin array did not differ significantly from hmp-1(jc48);Ex [hmp-1(S509E)::gfp] or hmp-1(jc48);Ex[hmp-1::gfp] embryos ( Figure 5F ). However, in hmp-1(jc48);Ex [hmp-1(S509A)::gfp] embryos exhibiting Class II and Class III defects, the width of junctional-proximal actin was significantly greater than in hmp-1(jc48);Ex [hmp-1(S509E)::gfp] or hmp-1(jc48);Ex[hmp-1::gfp] embryos ( Figure 5F ), suggesting that the abnormal CFB organization in hmp-1(jc48);Ex [hmp-1(S509A) ::gfp] embryos may be due to excessive actin recruited to junctions.
In contrast to the effects upon mutating S509, both HMP-1(S649E)::GFP and HMP-1(S649A)::GFP localized correctly to junctions, with HMP-1(S649E)::GFP showing more cytoplasmic signal (Supplemental Figure S4, A and B) . Although both HMP-1(S649A)::GFP and HMP-1(S649E)::GFP rescued hmp-1(jc48) embryonic lethality, HMP-1(S649A)::GFP rescued more efficiently than HMP-1(S649E)::GFP (56.4% embryonic lethality for hmp-1(jc48);Ex[hmp-1(S649A)::gfp] worms vs. 69.3% embryonic lethality for hmp-1(jc48);Ex[hmp-1(S649E)::gfp] worms, respectively). Phalloidin staining indicated that CFBs and junctional-proximal actin were normal in both strains (Supplemental Figure S4, C and D) , with no difference from mutants rescued with unmutated HMP-1FL::GFP (Supplemental Figure S4E ). Thus the phosphorylation status of HMP-1 S649 has only subtle effects on proper HMP-1 function during embryogenesis compared with S509.
Conclusion: The HMP-1 AMD negatively regulates F-actin binding
Although the AMD of α-catenin has been suggested to be a regulator of α-catenin function (Imamura et al., 1999) , the in vivo significance of the AMD has remained unclear for nearly two decades. Our results suggest that the HMP-1 AMD negatively regulates F-actin binding, because hmp-1(jc48);Ex[hmp-1ΔAMD::gfp] embryos possess excessive F-actin at junctions compared with wild type. Actin cosedimentation assays further suggest that recruitment of excess F-actin is due to excessive binding of HMP-1ΔAMD to F-actin. Excessive binding to F-actin may be deleterious during dynamic morphogenetic movements; at such times, the organization and assembly of the F-actin cytoskeleton must presumably be labile enough to accommodate dramatic changes in the shape and position of cells during epithelial morphogenesis. Adding a point mutation within the C-terminus of HMP-1ΔAMD::GFP known to weaken binding to F-actin (Maiden et al., 2013) supports the idea that the AMD normally maintains the affinity of HMP-1 for F-actin within an optimal functional range, because the mutated HMP-1ΔAMD::GFP functions better in a rescue assay.
Our results suggest a model for negative regulation of HMP-1 binding to F-actin via its AMD that involves multiple mechanisms (Supplemental Figure S5) . One potential regulator is tension; either tension applied to HMP-1 or tension applied to the F-actin networks to which HMP-1 attaches. Recent research has shown that the affinity of the cadherin-β-catenin-αE-catenin ternary complex for F-actin increases dramatically when tension is applied to the actin (Buckley et al., 2014) . Future experiments aimed at determining whether HMP-1 exhibits a tension-mediated increase in binding affinity for F-actin, and the role the AMD plays in this response, would prove extremely interesting.
Second, the AMD may be regulated through phosphorylation. That hmp-1(jc48) mutants rescued by a nonphosphorylatable mutant form of HMP-1::GFP (HMP-1(S509A)::GFP) exhibited more morphological defects compared with those rescued by an S509 phosphomimetic mutant suggests that HMP-1 phosphorylation at S509 is important for its proper function. Dephosphorylation of S509 may lead to excessive binding of HMP-1 to F-actin. That hmp-1(jc48);Ex[hmp-1(S509A)::gfp] embryos display abnormalities in F-actin organization is consistent with this possibility. Phosphoregulation of S641 in mammalian αE-catenin and the corresponding T645 in Drosophila α-catenin appears to be required for normal function (Escobar et al., 2015) . Our results suggest that phosphoregulation of the corresponding residue in HMP-1, S649, plays a relatively minor role.
Finally, although not shown in Supplemental Figure S5 , the HMP-1 AMD could regulate binding to other partners. The most heavily studied M domain binding partner of vertebrate αE-catenin is vinculin (Yonemura et al., 2010; Choi et al., 2012; Rangarajan and Izard, 2012; Ishiyama et al., 2013; Thomas et al., 2013) . Even though the M1 domain of HMP-1 can bind vertebrate vinculin avidly, its binding to DEB-1, the C. elegans vinculin homologue, is very weak , and DEB-1 is not expressed in the epidermis in C. elegans (Barstead and Waterston, 1989) . Although HMP-1 appears to have lost the ability to associate with C. elegans vinculin, other binding partners may associate with HMP-1 via unfurling of its M domain.
In addition to our analysis of the AMD, we identified aa677-704 of HMP-1 as necessary for F-actin binding. While this work was under review, a role for the α1 helix of the ABD (aa669-675 of αE-catenin, corresponding to aa676-681 of HMP-1) in negatively regulating the binding of α-catenin to F-actin was identified (Ishiyama et al., 2018) . In that study deletion of α1 led to increased binding to F-actin, similar to our AMD deletions. Our larger N-terminal ABD deletion includes α1, α2, and part of the α3 domains of the ABD, which likely accounts for the difference in results from Ishiyama et al. Thus there may be several conformation-dependent regulatory domains within α-catenins that regulate their binding to F-actin, including the AMD and α1 within the ABD.
MATERIALS AND METHODS

Nematode strains and genetics
C. elegans strains were maintained using standard methods (Brenner, 1974) . Bristol N2 was used as wild type. The following allele was utilized in this study: hmp-1(jc48). The following transgenic arrays were made for or used in this study : hmp-1::gfp, hmp-1Δ504-676::gfp, hmp-1Δ504-676+S823F::gfp, hmp-1Δ677-703::gfp, each under its endogenous promoter.
Standard genetic crosses were used to create hmp-1(jc48);Ex homozygotes, along with the introduction of other hmp-1 rescuing constructs.
Strains were made by DNA microinjection: 1 ng/μl of the transgene of interest, in addition to 20 ng/μl noncoding DNA (F35D3) and 79 ng/μl rol-6(su1006), was injected into the gonads of N2, as described previously (Mello and Fire, 1995) . Comparable expression of all transgenes was confirmed using methods described previously .
CRISPR
The hmp-1(jc48) null mutant allele was generated via CRISPR following a protocol described previously (Arribere et al., 2014) . Primer XS77: 5′ TGC CTG CGA AGT TTT AGA GCT AGA AAT AGC 3′ and primer XS78(REV): 5′ TTC TGA AAA CAA GAC ATC TCG CAA TAG GA 3′ were used for making sgRNA constructs. The single-stranded DNA repair template (5′ TATTTCTCTTCGTTTTATTTGCATTCTAATC TGAA TTTTCAATTTTATTAATTTTCAGAATGCCTTAAAATAACAATT CTCATGCGTATTTCAACATCGACGAAGTGCGCTCGAAAAATG 3′) was synthesized by Integrated DNA Technologies (Coralville, IA).
Imaging
Embryos were isolated from gravid hermaphrodites, mounted on a 5% agarose pad, and aged at 20-25°C until the onset of morphogenesis. For four-dimensional differential interference contrast microscopy, embryos were imaged using 1-μm slice spacing at 3-min intervals using a Nikon Optiphot 2 microscope with a 60×/1.4 NA oiled objective at 20°C with a Macintosh computer running ImageJ (https://imagej.nih.gov/ij/; Schneider et al., 2012) using custom macros/plug-ins (available at worms.zoology.wisc.edu/research/4d/ 4d.html). For fluorescent imaging, a Perkin-Elmer UltraView spinning disk confocal microscope, mounted on a Nikon Eclipse E600 microscope, equipped with a Hamamatsu ORCA-ER camera and controlled by Micro-Manager software (https://micromanager.org/; Edelstein et al., 2014) , was used to collect images of GFP expressing embryos, using 0.5-μm slices at 3-min intervals with a 60×/1.4 NA oil objective at 20°C. Antibody staining (0.6-μm slices) and phalloidin staining (0.2-μm slices) images were collected with the same confocal microscope using a 100×/1.45 NA total internal reflection fluorescence objective.
Protein expression and purification
SUMO-His-tagged proteins were expressed in BL21-Gold(DE3) Escherichia coli cells and purified as described (Mayers et al., 2011; Maiden et al., 2013) . Cells were induced with 0.1 mM isopropyl β-d-1 thiogalactopyranoside at 18°C for 16 h. Wash and elution buffers were as follows: His wash (50 mM Na-phosphate, pH 8.0, 300 mM NaCl, 0.1% Tween-20, 10 mM imidazole), and His elution (250 mM imidazole, 100 mM NaCl, 10% glycerol, 50 mM HEPES, pH 7.6).
Actin-pelleting assays
Actin-pelleting assays were performed as described previously (Maiden et al., 2013) . Briefly, 5 μM purified proteins (quantified via a Bradford assay; Pierce/Thermo Scientific) was incubated at room temperature for 1 h with 0, 2, or 5 μM polymerized chicken F-actin (Cytoskeleton, Denver, CO). Samples were then centrifuged at 100,000 rpm for 20 min at 4°C in a TLA-100 rotor in a tabletop ultracentrifuge (Beckman Optima TL 100 Ultracentrifuge). Samples were run on 12% SDS-PAGE gels and stained with Coomassie Brilliant Blue, and bands were quantified using ImageJ software.
To determine the percentage of protein bound to F-actin, background sedimentation of the protein (no actin control) was subtracted first and each band intensity was then normalized to the pelleted F-actin.
Antibody and phalloidin staining
Freeze-cracking was used for immunostaining embryos (Albertson, 1984) . Staining was performed as described previously (Leung et al., 1999) . Embryos were incubated with primary antibodies in phosphate-buffered saline + 0.1% Tween-20 (PBST) and 1% nonfat dry milk overnight at 4°C. Embryos were then incubated with secondary antibodies in PBST and 1% nonfat dry milk for 4 h at room temperature. The following primary antibodies were used: 1:1000 mouse-anti-GFP (Invitrogen), 1:4000 polyclonal rabbit-anti-HMP-1 (Zaidel- Bar et al., 2010) , and 1:200 mouse monoclonal anti-AJM-1 (MH27; Francis and Waterston, 1991) . The following secondary antibodies were used: 1:50 anti-rabbit immunoglobulin G Texas Red, 1:50 anti-rabbit Cy5, and 1:50 anti-mouse fluorescein isothiocyanate.
Phalloidin staining of mutant and wild-type embryos was used to visualize F-actin in fixed embryos (Costa et al., 1998) . Embryos were fixed using the following: 4% paraformaldehyde, 0.1 mg/ml lysolecithin, 48 mM PIPES, pH 6.8, 25 mM HEPES, pH 6.8, 2 mM MgCl 2 , and 10 mM EGTA (ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid) for 20 min at room temperature. Phalloidin-Texas Red (1:20; Thermo Fisher) was incubated with embryos overnight at 4°C. Quantification of junctional actin width was performed using a single-blind approach from unidentified stained specimens in ImageJ using a microscope stage micrometer as a reference for normalizing scale.
